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Abstract: As one of the largest Yangtze river-connected lakes in China, Lake Poyang’s heath status
has increasingly become a cause for concern. This study evaluated Lake Poyang’s heath status using
a newly developed index (ecosystem health index for Lake Poyang, LP-EHI). The evaluation results
revealed a declining tendency in the lake’s health status from 2010 to 2014. The health conditions for
Lake Poyang were “good”, “fair”, and “fair” in 2010, 2013, and 2014, respectively. The individual
indices for water quality, nutrient conditions, and benthic macroinvertebrate showed a deteriorating
trend from 2010 to 2014 mainly due to human activities, such as industrial pollution. Further analysis
revealed that the health status of Lake Poyang was strongly affected by hydrological processes.
This study demonstrated the potential of LP-EHI in evaluating the ecological health of Lake Poyang.
Such a heath status evaluation can be applied to other lakes, and can benefit lake management,
restoration, and conservation.
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1. Introduction

Lake Poyang, as the largest freshwater lake ecosystem in China and one of the seven
internationally recognized important wetlands, plays an important role in maintaining the ecological
balance of the entire basin. However, the lake has shrunk in size and suffered from severe
eutrophication [1]. Water quality deteriorated from ratings of I or II in the 1980s to III or worse
in the 2010s [2]. The degradation of wetland vegetation and fish resources has also been observed in
recent years [3]. Therefore, an update of the lake’s ecosystem health assessment is needed. Especially,
the building of the Lake Poyang Hydraulic Project (LPHP) that has been proposed recently might
cause considerable changes in hydrodynamic conditions, water quality, and aquatic species [4,5].
Therefore, this assessment can act as a reference baseline to quantitatively analyze the impact of the
LPHP. Connected to the Yangtze River, Lake Poyang has unique characteristics that distinguished
it from other enclosed or semi-enclosed lakes. These unique characteristics (e.g., large water level
fluctuation) should be fully incorporated in its ecosystem health assessment. Changes in the climate,
land use, and land cover in the basin, and the impoundment effects of the Three Gorges Dam about
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1050 km upstream of Lake Poyang, have caused large variations of seasonal streamflow and water
level [6–9]. The highly fluctuating regime fosters rich biodiversity, raising the international importance
of the lake in ecological conservation. Unfortunately, the hydrological characteristics of the lake
have changed during the past decade, and the duration of extreme low or high water events have
increased, thereby affecting wetland landscapes [10], water quality [2,11], and aquatic habitats [12–14].
However, these changes were seldom discussed in previous studies [15,16]. Based on the developed
ecosystem health index for Lake Poyang (LP-EHI) in Part I, which holistically incorporated the lake’s
characteristics, a comprehensive and objective ecological assessment can be achieved.

This study applied the developed index to identify Lake Poyang’s ecological health conditions,
which was implemented in three steps. First, the sample sites and parameter data were selected,
collected, and processed. Second, using the developed LP-EHI in Part I, the overall health status of the
lake and its indicator components were calculated. Finally, the health conditions were analyzed based
on the evaluation results.

2. Materials and Methods

2.1. Study Area

In Part I, the meteorological, hydrological, and bathymetry conditions of Lake Poyang have
been described [17]. Sample sites were selected via a randomized systematic design with a spatial
component [18]. Bathymetry conditions, hydrodynamic characteristics, and transportation accessibility
were also considered to adjust and optimize the sampling distribution (Figure 1). Samples were
collected four times from the periods of 7–11 January, 8–13 April, 11–23 July, and 8–16 October in
2010, 2013, and 2014. In 2010, 15 sites were located in the lake. Although the lake area changes
substantially in a year, these 15 sites could be sampled throughout the whole year. In 2013 and 2014,
sampling sites 0 and 16–23 were added to monitor the state of inflows and outflow. In addition, benthic
macroinvertebrate samples were collected quarterly at 15 sampling sites (1–15), which are regular
monitoring stations of the Lake Poyang Laboratory for Wetland Ecosystem Research (PLWER) within
the Chinese Ecosystem Research Network (CERN).
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2.2. Sample Collection and Processing

At each site, triplicate measures of physicochemical parameters were made before the benthic
sampling. First, 2 L of water was collected in sterilized plastic bottles and stored in a portable
refrigerator at <4 ◦C until analysis. These were analyzed in the laboratory for total nitrogen (TN),
total phosphorus (TP), and chemical oxygen demand in manganese (CODMn), following standard
methods for water and wastewater analysis. Temperature, pH, dissolved oxygen (DO), turbidity,
and electrical conductivity (EC) were measured using a portable multi-probe meter (Model YSI-6600
V2, YSI Inc., Yellow Springs, OH, USA) at the center of each of the sampling reach. Phytoplankton
chlorophyll-a (Chl a) concentration was calculated from spectrophotometric measurements after 90%
hot ethanol extraction, according to Lorenzen (1967).

Phytoplankton samples were fixed with Lugol’s iodine solution (1% v/v) and allowed to settle
for 48 h prior to counting using a microscope; the taxa identification was performed according to
Su et al. [19]. Since the biomass in Lake Poyang was low, all of the phytoplankton cells in a 0.1-mL
fixed sample concentrated from 1 mL to 30 mL were counted to estimate the density, which is necessary
in the volumetric method of measuring phytoplankton biomass. Mean cell volume was calculated
using appropriate geometric configurations. Volume values were converted to biomass assuming that
1 mm3 of volume was equivalent to 1 mg of fresh weight biomass [14].

Planktonic crustaceans’ zooplankton was collected by acrylic glass water sampler (5 L).
After filtration with a plankton net (64 µm mesh), the samples were fixed with 5% buffered
formaldehyde solution and returned to the laboratory, where the zooplankton were identified to
the taxonomic level outlined. A sample was scanned for particularly large species, and taxa with
large numbers of individuals were counted by taking 1-mL sub-samples until 100 individuals were
counted [1,13,20,21]. Adult individuals were identified to species level in nearly all of the cases
following Koste [22] (rotifers) and Kiefer [23] (crustaceans). Species that could not be distinguished
in routine counting were treated as one category (e.g., Synchaeta oblonga/tremula). Juvenile stages of
copepods were treated as a separate category. Daphnia were identified according to Hebert et al. [24].

Benthic macroinvertebrates were collected as duplicates using a modified Peterson grab (0.05 m2),
which was sieved in situ through a sieve (250-µm mesh). In the laboratory, the samples were sorted in a
white tray, and animals were preserved in 7% buffered formalin solution. Specimens were identified to
the lowest feasible taxonomic level, counted, blotted dry, and weighed to determine their wet weight
using an electronic balance (Sartorius BS-124, readability: 0.1 mg). Mollusks were weighed with their
shells [20].

In addition to the collected chemical and biological data, we also quantitatively evaluated the
lake health based on our compilation of other metrics, including physical characteristics, wetland
vegetation, fish, and birds, which were collected from previous studies [10,16,25], statistical yearbooks,
and official reports.

2.3. LP-EHI

In Part I, LP-EHI was developed to quantify lake health from the perspectives of physical,
chemical, biological, and social service [17]. This index can be an alternative method of estimating
the health status of lake ecosystems and guide lake management to achieve better health conditions.
Further implementation details about LP-EHI, including metric selection, weight estimation, reference
condition definition, metric standardization, and categorization can be found in Qi et al. [17].
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3. Results

3.1. Assessing Ecological Status Using LP-EHI

3.1.1. Overall Lake Health Status

On the basis of Equation (2) in Part I and the analysis of individual indices, the LP-EHI final
scores in 2010, 2013, and 2014 were calculated at a “good” 0.62, “fair” 0.59, and “fair” 0.59, respectively.
The total scores showed a slight decreasing trend from 2010 to 2014. In 2010, the majority of the sample
sites were respectively in the “good” 86.7%, and the remaining sites were in “fair” condition. In 2013,
the percentage of “good” sites decreased to 46.7%; other sites were “fair”. In 2014, the number of sites
in “good” status further reduced to 40.0%; 60.0% of sites were “fair” (Figure 2).
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3.1.2. Annual Variation of Health Indicator Components

The average score for each indicator in 2010, 2013, and 2014, and its weight (D1–D19 in Part I) are
shown in the Nightingale rose diagram (Figure 3). For physical indices (D1–D5), the scores of water
level (D1) and annual runoff (D4) of 2010 were lower in 2010 than in 2013 and 2014. The status of water
level was better in typical ordinary hydrological year, rather than wet or dry years (Table 1). The lake
area shrinking rate (D3) in 2010, 2013, and 2014 was 0.77. The other two physical indices, including
tributary connectivity (D2) and coastal habitat (D5), remained unchanged.

For chemical indicators, the scores of water quality (D6) showed a decreased tendency, with the
water quality status in 2010 as the best among these three years: 2010 (0.54, “fair”) > 2013 (0.45, “fair”)
> 2014 (0.37, “poor”). The health status of nutrition (D7) also had a deterioration tendency. TLI (trophic
level index) in 2010, 2013, and 2014 were 41.7 (0.71, “good”), 41.9 (0.70, “good”), and 47.2 (0.57, “fair”),
respectively. Toxicity (D8) in each of these three years was below the lowest limits of the national
standard (GB3838-2002) [25]. Therefore, the score of D8 was 1.00.
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Table 1. Highest and lowest 10-day water levels in 2010, 2013, and 2014.

Year Average of Highest
10-Day Water Level

High Water Level
Score (Health Status)

Average of Lowest
10-Day Water Level

Low Water Level
Score (Health Status)

Average
(Health Status)

2010 20.08 0.46 (“fair”) 7.60 1.00 (“excellent”) 0.73 (“good”)
2013 16.68 1.00 (“excellent”) 7.42 1.00 (“excellent”) 1.00 (“excellent”)
2014 18.48 1.00 (“excellent”) 7.32 1.00 (“excellent”) 1.00 (“excellent”)

For biological indicators, the phytoplankton indicator (D9) for all three years was “good”, and the
scores declined slightly. For zooplankton, the status of zooplankton health (D10) in 2013 (0.36, “poor”)
and 2014 (0.57, “fair”) was significantly poorer than in 2010 (0.64, “good”). The state of benthic
macroinvertebrate (D11) health showed a decrease after 2010, and the scores were 0.83 (“excellent”)
in 2010, 0.39 (“poor”) in 2013, and 0.53 (“fair”) in 2014. Due to the inadequacy of data and long life
cycle [26], the health scores of wetland plants (D12) and fish (D13) remained the same for these three
years, and respectively were “good” 0.73 and “fair” 0.52. The health status of wintering birds (D14)
varied greatly, and the scores were “poor” 0.30, “good” 0.61, and “good” 0.79.

The proportion of water function zones (D15) changed little in these years. The water function
zone percentage reached the corresponding water quality standard in 2010, 2013, and 2014 at only
33.3% (0.33, “poor”), 46.4% (0.46, “fair”), and 31.8% (0.32, “poor”), respectively. The pathogenic
potential indicator (D16) was always at a good level. The infected snail ratio was 0.10% [27] for the
60% area percentage of marshland with snails. Therefore, the schistosomiasis indicator reached a
“good” score of 0.70. The capacity of flood (D17) varied among different hydrological processes, and in
2010, as the typical wet year, the capacity of regulating flood was higher than in the other two years.
The score of sand mining (D18) showed a large increase from 2010 (0.00, “bad”) to 2013 (0.50, “fair”),
and remained stable in 2014. The resulting scores of dish-shaped sub-lake areas under management
were consistently “bad” at 0.06.

3.2. Deteriorated Health Indicators

3.2.1. Water Quality

From an annual variation of indicator components, both the water quality and nutrient levels of
Lake Poyang showed deterioration trends (Figure 3). The chemical integrity indices were calculated
based on the physicochemical parameters collected from field observation in 2010, 2013, and 2014.
From the water quality aspect, 86.7% of the sampling sites had “fair” status. Other sampling sites were
“good” in 2010. However, some of the sampling sites in 2013 appeared “poor” or “bad”, such as sites
0 and 16 (Figure 1). In 2014, many sites worsen, with 62.5% of them “poor” (Figure 4).

The scores of individual indices of water quality were further analyzed (Figure 5), and the annual
average values of TN (1.49 ± 0.64 mg/L), TP (0.08 ± 0.08 mg/L), and EC (140.98 ± 109.62 mS/cm)
in 2010 were best with health scores of 0.34 for TN, 0.65 for TP, and 0.73 for EC. The health status
of the water quality in 2010 was better than that in other two years. In 2013, the average TN and
TP increased to 1.98 ± 1.04 and 0.11 ± 0.15 mg/L respectively, with health scores of 0.22 for TN,
and 0.67 for TP. Water quality in the lake began to deteriorate to some degree, although EC were
unavailable in 2013. In addition, the concentrations of TN (2.08 ± 1.08 mg/L), TP (0.23 ± 0.61 mg/L),
and EC (144.38 ± 97.88 mS/cm) were the highest in 2014, with annual average scores of 0.22 for TN,
0.47 for TP, and 0.68 for EC.
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3.2.2. Nutrient Level

The nutrient levels of Lake Poyang increased between 2010–2014. In 2010 and 2013, the nutrient
scores were similar, and most of sites reached “good” (Figure 6). However, many sites in 2014 declined
to “fair”. In Part I, the method of TLI has been described, and four elements has been included,
that is, TN, TP, Chl a, and COD. Transparency data were excluded due to inaccuracy caused by the
complicated hydrodynamics. In addition to TN and TP, as mentioned before, the concentrations of
Chl a (5.76 ± 3.48 mg/m3) and COD (3.24 ± 0.76 mg/L) were larger in 2014 than in 2010 and 2013
(Figure 7).
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3.2.3. Benthic Macroinvertebrate

Both zooplankton and benthic macroinvertebrate scores decreased after 2010. Zooplankton
abundances vary consistently with water levels, but insignificantly with nutrients [13]. Therefore,
the health status of zooplankton might be affected by the different hydrological characteristics
among these three years. Only the decreased benthic macroinvertebrate was analyzed, and extensive
differences existed among the sites (Figure 8). All of the sites in 2010 were “good” or “excellent”.
However, many sites along the eastern channel declined to “poor” in 2013. In 2014, the majority of
sites (73.3%) were “fair”. The elevated state of benthic macroinvertebrate in 2010 was mainly due
to the community richness; the Berger–Parker index was significantly higher in 2010 than the other
two years, which ranged from 0.69 to 0.94, with an average value of an “excellent” 0.83. However,
the scores of Berger–Parker index in 2013 and 2014 were lower, with a “poor” 0.37 and a “fair” 0.52.
The family biotic index (FBI) acted similarly to the Berger–Parker index.
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A comparison among the results in 2010, 2013, and 2014 revealed remarkable changes in the
abundance of the benthic macroinvertebrate. The mean total abundance of benthic macroinvertebrate
decreased from 205 ind/m2 in 2010 to 140 ind/m2 in 2014 (Figure 9), with Mollusca representing
the greatest proportion of the decline (from 119 ind/m2 in 2010 to 74 ind/m2 in 2014). In contrast,
the abundance of Annelida and aquatic insects showed little change.
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4. Discussion

4.1. Health Status in Lake Poyang

Facing the decreasing trend of water quality (Figure 4) and increasing nutrients (Figure 6),
future nutrient enrichment might occur in Lake Poyang. This water quality deterioration and increasing
nutrients in Lake Poyang is influenced not only by the inherent succession process, but also by changes
in hydrological rhythms among the Yangtze River and Lake Poyang sub-basins and many factors under
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human activities, such as the construction of water conservancy facilities, urbanization, the adjustment
of industrial structure and land use patterns [1,2].

Our results revealed that the benthic macroinvertebrate changed greatly in abundance and
diversity over the past few years in Lake Poyang (Figure 8). The total abundance of benthic
invertebrate decreased (Figure 9), which has been demonstrated in previous studies [12,28]. Overloaded
human disturbance, including reckless fishing, may destroy the living of benthic macroinvertebrate
communities, especially for freshwater mussels. Extensive sand extraction may have had severely
negative impacts on the benthic fauna of Lake Poyang, because the sediment type (sand and mud)
is one of the dominant factors responsible for the benthic macroinvertebrate in terms of feeding
types. According to Leeuw et al. [29], the volume of sand mining was 236 million m3/year in
2005–2006, which was approximately 40% of the regional demand for sand in the lower Yangtze
Valley. The dredging-inducing changes in substrate instability, sediment grain size, and high turbidity
might have influenced the survival, recruitment, and growth of Mollusca, such as mussels [30].
The health status of wintering birds varied greatly (Figure 3), and depended on the hydrological
characteristics [31]. When Lake Poyang is at a normal water level year, it is most favorable for the
overwintering migratory birds, and the number will be the largest. However, if the water level is too
high or too low, the wintering birds can be affected due to a lack of food or feeding difficulties [32].
Based on the statistics regarding the water levels in these three years (Table 1), the hydrological
characteristics in 2010 were less suitable for wintering birds than in the other two years (2013 and 2014).

Recently, some social aspects, such as pathogenic potential and sand mining indicators, have been
improved (Figure 3). Considerable efforts have been exerted to control schistosomiasis, and the local
government measures included the improvement of lavatories, treatment of sick cows and patients,
a ban on overgrazing, and the killing of snails in sensitive zones, in order to reduce the instances of
pathogenic potential. Sand mining affected the hydrologic regimes, including increased areas of water
discharge sections and water turbidity. Sand mining also affected the sediment pattern in the lower
reaches of the Yangtze River. However, the increased demand for building materials in the construction
industry should be met through sand mining in Lake Poyang, especially since 2001, when this practice
was banned in the Yangtze River [33]. Given the harm of sand mining, the government limited the
volume and range, contributing to the higher score of 2013 and 2014. Dish-shaped sub-lakes are
important parts of the wetland, where land and water are frequently alternated with rich vegetation
biodiversity. They are vital to the maintenance of the integrity and biodiversity of the Lake Poyang
ecosystem, since such dish-shaped sub-lakes provide food and shelter for approximately 80% of the
winter waterfowls. Thus, effective measures should be taken to protect the dish-shaped sub-lakes.
However, with only a few under efficient management by the protection administration until 2014,
the resulting scores were consistently “bad” (Figure 3).

4.2. Comparison with Previous Assessments of Lake Poyang

The results of this study were consistent with the conclusions drawn from previous studies [16].
The health status of Lake Poyang in recent years has been “fair” or “good”. However, compared with
other assessments in Lake Poyang, LP-EHI considered more comprehensive indicators including water
level, runoff, wetland vegetation, birds, dish-shaped sub-lake areas under management, and sand
mining. These indicators reflect the ecological status in the lake well, but were excluded in the previous
studies. Our findings also show the annual variability of health status indicators such as water quality
deterioration, declined benthic macroinvertebrate, better management of sand mining, which has been
seldom explored in the previous assessments. In this paper, the methods of calculating indices were
also optimized to the specific features of Lake Poyang. For example, the TLI score was higher than that
in other studies, because transparency was excluded from the calculations, and the weight had been
assigned to the other four elements in the TLI (TN, TP, COD, and Chl a). Frequent water exchange and
quick flow velocity caused a random mix of sediment and water; therefore, the measured transparency
value presented a certain degree of uncertainty that might have affected the assessment accuracy.
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4.3. Data Uncertainty

To assess the health of Lake Poyang, the LP-EHI combined sub-indices into a single indicative
master index. We incorporated data for physical, chemical, social services, as well as most of the
biological indicators in 2010, 2013, and 2014 for evaluation. However, a very small portion of the data
in these years was difficult to obtain, because of the temporal limitation of published data and the lack
of systematic observation. For example, data on vegetation and fish were not available. Given the
temporal scale of fish and aquatic vegetation [26] in Table 2, these indicators exhibited only small
changes in a few years. Therefore, the weight ratio of the four major Chinese carps and year 1–2 fishes
were used instead of the latest accessible year (2011), and the vegetation indicator in 2013 replaced the
data. In addition, the schistosomiasis data in 2012 were used due to the lack of data in other years.
However, this data is relatively stable and under control by the local government. Therefore, the health
status revealed a slight change in recent years.

Table 2. Different biological characteristics and their spatial and temporal scales in basin [26].

Biology Temporal Scale Spatial Scale

Fish Years km2

Aquatic vegetation Years/decades km2

Benthic macroinvertebrate Months/years hm2

Phytoplankton Days/weeks m2

4.4. Conversion about Spatial and Temporal Resolution in LP-EHI

Considering the temporal and spatial scales in Table 2 and characteristics of ecological elements in
Lake Poyang, the temporal and spatial resolution of each indicator are listed in Table 3. For large-scale
indices, such as physical and social service indices, the annual health status and trends of 2010, 2013,
and 2014 were analyzed. For those indices, such as chemical and partial biological integrity indices,
the seasonal health status for each sample site can be calculated. When the annual health status and
variations were assessed, the straight averages of these chemical or biological components were applied.
Due to that, the sample sites were evenly distributed in the main lake and regular time sampling
interval, and the averages defined in our study were appropriate for conversion from smaller-scale to
annual scale assessment.

Table 3. Different temporal and spatial resolution of indices in LP-EHI.

Target Level A Sub-Target B Element Level C Assessment Indicator D Temporal Resolution Spatial Resolution

LP-EHI

Natural
properties B1

Physical integrity
C1

Water level D1 Annual Lake
Tributary connectivity D2 Annual Lake

Lake area D3 Annual Lake
Runoff D4 Annual Lake

Coastal habitat D5 Annual Lake

Chemical integrity
C2

Water quality D6 Seasonal Sites
Nutrition D7 Seasonal Sites
Toxicity D8 Seasonal Sites

Biological integrity
C3

Phytoplankton D9 Seasonal Sites
Zooplankton D10 Seasonal Sites

Benthic macroinvertebrate D11 Seasonal Sites
Wetland plants D12 Annual Lake

Fish D13 Annual Lake
Bird D14 Annual Lake

Social service
B2

Human health C4
Drinking water D15 Annual Lake

Pathogenic potential D16 Annual Lake
Regulation C5 Flood storage capacity D17 Annual Lake

Human activity C6 Sand mining D18 Annual Lake

Response C7 Dish-shaped sub-lake under
management D19 Annual Lake
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5. Conclusions

This study evaluated the health status of Lake Poyang based on a new developed index (LP-EHI).
The health status of Lake Poyang in 2010, 2013, and 2014 were at “good” (0.62), “fair” (0.59), and “fair”
(0.59) levels respectively, with a gradually deteriorating trend. The individual indices showed
varied health statuses. Several indices’ health scores, including water quality, nutrition, and benthic
macroinvertebrate, decreased with an increasing disturbance by human activities. However, several
protection measures, such as controlling sand mining in the main channel, could improve the resulting
scores. Furthermore, the results showed that the health status was highly related to hydrological
processes. Compared with the previous index applied in Lake Poyang, LP-EHI described the health
status of the lake ecosystem from more comprehensive perspectives, including the physical, chemical,
biological, and social service aspects. These evaluation results provided considerable scientific support
for lake management, restoration, and conservation.
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